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Histone deacetylase-3 (HDAC3) is involved in cellular 
proliferation, apoptosis and transcriptional repression. However, 
the role of HDAC3 in angiogenesis remains unknown. HDAC3 
negatively regulated the expression of angiogenic factors, such 
as VEGF and plasminogen activator inhibitor-1 (PAI-1). HDAC3 
showed binding to promoter sequences of PAI-1. HDAC3 
activity was necessary for the expression regulation of PAI-1 by 
HDAC3. VEGF decreased the expression of HDAC3, and the 
down-regulation of HDAC3 enhanced endothelial cell tube 
formation. HDAC3 negatively regulated tumor-induced angio- 
genic potential. We show the novel role of HDAC3 as a negative 
regulator of angiogenesis. [BMB Reports 2014; 47(4): 227-232] 



INTRODUCTION 

Among the numerous HDACs, HDAC3 is conserved in a wide 
range of species (1 ). HDAC3 forms large corepressor complexes 
containing N-CoR/SMRT (2). The overexpression of HDAC3 has 
been observed in colon cancer cells, in which it has an an- 
ti-apoptotic effect (3). HDAC3 confers resistance to TSA-induced 
apoptosis (4). HDAC3 induces death of otherwise healthy rat 
cerebella granule neurons (5). 

HDAC inhibitors target HIF1 alpha, leading to anti-angiogenic 
effects (6). HDAC3 is critical in endothelial cell survival and 
atherosclerosis development in response to disturbed flow (7). 
We previously reported that hyaluronic acid promotes angio- 
genesis and decreases the expression of HDAC3 in HUVECs (8). 
HDAC3 acts as a corepressor of NF-kB, and negatively regulates 
HIF-1- alpha in breast carcinoma cells (9). Given the fact that 
HDAC3 acts as a negative regulator of HIF-1 -alpha, it is reason- 
able that HDAC3 may act as a negative regulator of 
angiogenesis. 

In this study, we explored the possibility of HDAC3 as a regu- 
lator of angiogenesis. We found that HDAC3 negatively regu- 
lated the expression of VEGF and PAI-1 . We examined the bind- 
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ing of HDAC3 to PAI-1 promoter sequences, as well as the effect 
of HDAC3 on tumor-induced angiogenesis, and the invasion po- 
tential of human umbilical vein endothelial cells (HUVECs) to- 
wards tumor cells. The novel role of HDAC3 as a negative regu- 
lator of angiogenesis is demonstrated. 

RESULTS AND DISCUSSION 

HDAC3 negatively regulates expression of PAI-1 and VEGF 

We previously reported that SNU387 R and Malme3M R cells 
showed resistance to microtubule-disrupting drugs such as ce- 
lastrol and taxol (10). HDAC2 is increased in these cancer cell 
lines, and represses the expression of p53, through interaction 
with cancer/testis antigen CAGE (10). We found that the ex- 
pression of HDAC3 in SNU387 K and Malme3M K cells was lower 
than in their counterparts (Fig. 1A). The down-regulation of 
HDAC3 in SNU387and Malme3M cells induced the expression 
of MDR1 (Fig. 1A), suggesting that HDAC3 regulates the re- 
sponse to anti-cancer drugs. It is generally believed that drug-re- 
sistance is accompanied by an enhanced angiogenic potential 
(1 1). This led us to hypothesize that HDAC3 may regulate angio- 
genic potential. 

In order to explore the possibility of HDAC3 as a negative reg- 
ulator of angiogenesis, we examined the effect of HDAC3 on the 
expression of angiogenic factor(s). Human angio antibody array 
analysis showed that the down regulation of HDAC3 in hepatic 
cancer cell line SNU387 induced the expression of angiogenic 
factors such as VEGF and plasminogen activator inhibitor-1 
(PAI-1) (Fig. 1B). HDAC3 negatively regulated the expression of 
PAI-1 and VEGF (Fig. 1C). PAI-1 protects endothelial cells from 
Fas-mediated apoptosis (1 2). It is probable that PAI-1 is necessary 
for the resistance of SNU387 R and Malme3M R cells to anti-cancer 
drugs. PAI-1 facilitates retinal angiogenesis (13), and is regulated 
byTGF(3 (14). It will be necessary to examine whether HDAC3 af- 
fects TGFP receptor signal ing. Snail is required forTGFP-induced 
epithelial-mesenchymal transition (15). The functional blockade 
of Snail decreases the expression of PAI-1 in breast cancer cells 
and exerts a negative effect on cancer cell migration (16). We 
found that the expression of Snail was higher in SNU387 R and 
Malme3M R cells than in their counterparts (Fig. 1 D). It is reason- 
able that HDAC3 may regulate the expression of Snail, which in 
turn affects the expression of PAI-1. SNU387 R and Malme3M R 
cells, which are cancer cells selected for resistance to anti-cancer 
drug celastrol, expressed a higher level of VEGF than did their 
counterparts, and HDAC3 negatively regulated the expression of 
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Fig. 1. HDAC3 negatively regulates the expression of PAI-1 and VEGF. (A) Cell lysates isolated from the indicated cancer cells were sub- 
jected to Western blot analysis (upper panel). At 48 h after transfection with the indicated siRNA (10 nM each), cell lysates were prepared 
and subjected to Western blot analysis. (B) At 48 h after transfection with the indicated siRNA (10 nM each), cell lysates were prepared, and 
subjected to cytokine array analysis. (C) At 48 h after transfection, Western blot analysis was performed. (D) Cell lysates isolated from the in- 
dicated cancer cells were subjected to Western blot analysis. (E) Cell lysates were subjected to Western blot analysis. (F) Cells were tran- 
siently transfected with the indicated construct. At 48 h after transfection, Western blot analysis was performed. Cell lyastes prepared from 
SNU387 or Malme3M cells were also subjected to Western blot analysis. (G) Promoter sequences of PAI-1. (H) Cell lysates were im- 
munoprecipitated with the indicated antibody (2 u.g/ml), followed by ChIP assays. 



VEGF in these drug-resistant cancer cell lines (Fig. 1 E). 

Hepatocyte growth factor and inducible nitric oxide synthase 
are involved in MDR-induced angiogenesis in hepatoma cell 
lines (1 7). In this study, we found that the down- regulation of 
HDAC3 in HUVECs led to the increased production of reactive 
oxygen species (personal observation). It will be necessary to ex- 
amine the effect of reactive oxygen species (ROS) on the ex- 
pression of VEGF. 

Wild type HDAC3, but not mutant HDAC3 S4242A , decreased 
the expression of PAI-1 in SNU387 R and Malme3M R (Fig. 1F), 
suggesting that HDAC3 activity is necessary for the regulation of 
PAI-1 expression. Because HDAC3 regulates the expression of 
PAI-1, we examined the binding of HDAC3 to promoter se- 
quences of PAI-1. PAI-1 promoter shows the binding sites for 
various transcription factors, such as YY1, Snail, and AP-1 (Fig. 
1G). HDAC3 showed binding to site 2 of the PAI-1 promoter se- 
quences in SNU387 and Malme3M cells (Fig. 1 H). It would be 
necessary to examine the effect of HDAC3 on the expression of 
YY1, Snail, or AP-1. 

These results show that HDAC3 regulates the expression of 
PAI-1, and VEGF and may act as a negative regulator of 
angiogenesis. 

HDAC3 negatively regulates angiogenic and invasion 
potential 

Because HDAC3 regulates the expression of PAI-1 and VEGF, 



we examined the effect of HDAC3 on angiogenic potential. 
Based on intravital microscopy, Malme3M cells transiently 
transfected with HDAC3 siRNA showed higher angiogenic po- 
tential than Malme3M cells (Fig. 2A). The conditioned medium 
of Mai me3M cells transiently transfected with HDAC3 siRNA in- 
duced blood vessel formation, but this was not observed with 
Malme3M cells transfected with control siRNA, (Fig. 2A). 
Malme3M R cells transiently transfected with HDAC3-Flag 
showed lower angiogenic potential than did Malme3M cells 
(Fig. 2A). The conditioned medium of Malme3M R cells tran- 
siently transfected with HDAC3-Flag also showed lower angio- 
genic potential than that of Malme3M R cells (Fig. 2A). 

The decreased expression of PECAM-1 , an angiogenic marker 
protein, was seen in tumors derived from SNU387 R or 
Malme3M R cell lines stably expressing HDAC3 (data not shown). 
Immunofluorescence staining of paraffin section showed more 
blood vessels expressing PECAM-1 in tumor tissue derived from 
SNU387 R cells than did tumor tissue derived from SNU387 cells 
(Fig. 2B). Tumor tissue derived from SNU387 R cells stably ex- 
pressing HDAC3-Flag showed a lower expression level of 
PECAM-1 than tumor tissue derived from SNU387 R cells (Fig. 
2B). PECAM-1 is necessary for the progression of tumor meta- 
stases (1 8). The down-regulation of PECAM-1 renders endothelial 
cells more prone to mitochondrion-dependent apoptosis (19). It 
will be interesting to examine whether the in vivo down-regu- 
lation of PECAM-1 regulates the response to microtubule-dis- 
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Fig. 2. HDAC3 acts as a negative regulator of angiogenic potential. (A) Intravital microscopy analysis was conducted, as described. Malme3M 
cell lines were transfected with scrambled siRNA (10 nM) or HDAC3 siRNA (10 nM). Malme3M R cells were transfected with control vector (1 
u,g) or HDAC3-Flag (1 u.g). At 48 h after transfection, cells or conditioned medium were mixed with matrigel. Four days later, FITC-dextran 
was injected via tail vein, to visualize blood vessel formation. (B) Paraffin section of tumor tissue derived from each indicated hepatoma cell 
line was subjected to H&E staining (upper panel), or immunofluorescence staining, employing anti-PECAM-1 antibody {lower panel). 
Representative images from five animals of each experimental group are shown (magnification, 200X for immunohistochemistry, and 100X for 
H&E staining; Olympus). DAPI staining was also performed. (Q HUVECs (3 x 10 4 ) were seeded in M199 containing 1% FBS, in the upper 
chamber of the transwell. The trypsinized cancer cells (2 x 10 4 ) were added to the lower chamber, and incubation continued at 37°C for 14 
h. The invaded cells were fixed with cold 4% paraformaldehyde, and stained with 1% crystal violet. Images were taken using an inverted mi- 
croscope (Olympus), and migrated cells were quantified by manual counting. SNU387 R or Malme3M R cells were pre-incubated with AVASTIN 
(4 ng/ml) or isotype-matched IgG (4 u,g/ml), for 12 h prior to trypsinization. The columns represent the mean of triplicate experiments; bars 
indicate S.D.; "indicates P < 0.05, statistically different from controls, "indicates P < 0.0005, statistically different from controls. 



rupting drugs. H&E staining showed more blood vessel in tumor 
tissue derived from SNU387 R cells, than in tumor tissue derived 
from SNU387 cells (Fig. 2B). H&E staining showed more blood 
vessel in tumor tissue derived from SNU387 R cells, than in tumor 
tissue derived from SNU387 cells stably expressing HDAC3 (Fig. 
2B). Chemoinvasion assays were performed, to examine the in- 
teraction between cancer cells and human umbilical vein endo- 
thelial cells (HUVECs). SNU387 R and Malme3M R cells enhanced 
the invasion potential of HUVECs, while their counterparts did 
not (Fig. 2C). AVASTIN, a VEGF-neutralizing antibody, pre- 
vented enhancement of the invasion potential of HUVECs by 
SNU387 R or Malme3M R cells (Fig. 2C), suggesting that the VEGF 
secreted by these drug-resistant cancer cells mediates the inter- 
action between cancer cells and HUVECs. The overexpression of 
HDAC3 in SNU387 R or Malme3M R cells also prevented the en- 
hanced invasion potential of HUVECs (Fig. 2C). These results 
suggest that HDAC3 plays a role in tumor-induced angiogenesis, 
and in the invasion potential of HUVECs. 

HDAC3 acts as a negative regulator of VEGF-promoted 
angiogenesis by regulating expression of PAI-1 

Because HDAC3 negatively regulated angiogenic potential, we 
hypothesized that HDAC3 could be regulated by VEGF. VEGF 



increased the expression of PAI-1 (Fig. 3A), and decreased the 
expression of HDAC3, while increasing the expression of 
HDAC1 and HDAC2, but not HDAC5 or HDAC6, in HUVECs 
(Fig. 3A). This suggests that HDAC1 and HDAC2 may also be in- 
volved in VEGF-promoted angiogenesis. Because the expression 
of HDAC3 is inversely related to HDAC2 in HUVECs, it would 
be interesting to examine whether HDAC3 would regulate the 
expression of HDAC2 in HUVECs. The down-regulation of 
HDAC3 increased endothelial cell tube formation (Fig. 3B). 
VEGF induced the expression of PAI-1 in HUVECs (Fig. 3C). 
Wild type, but not mutant HDAC3 (S424A), prevented VEGF 
from inducing the expression of PAI-1 in HUVECs (Fig. 3Q. 
VEGF induced the displacement of HDAC3 from site 2 of the 
promoter sequences of PAI-1 in HUVECs (Fig. 3D). VEGF de- 
creased the expression of HDAC3 in SNU387 and Malme3M 
cells (Fig. 3E). 

These results show that HDAC3 acts as a negative regulator of 
VEGF-promoted angiogenesis. 

HDAC3 acts as a negative regulator of tumor-induced 
changes in endothelial cell signaling 

Because HDAC3 regulates the expression of VEGF in SNU387 R 
and Malme3M R cells (Fig. 1C), we examined the effect of 
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Fig. 3. HDAC3 acts as a negative regulator of VEGF-promoted an- 
giogenesis, by regulating expression of PAI-1. (A) HUVECs were 
treated with VEGF for various time intervals. Cell lysates were 
subjected to Western blot analysis. (B) HUVECs were transiently 
transfected with control siRNA (10 nM) or HDAC3 siRNA (10 
nM). At 48 h transfection, endothelial cell tube formation assays 
were performed. (C) HUVECs were transiently transfected with the 
indicated construct. At 48 h after transfections, cells were then 
treated with VEGF (20 ng/ml) for 2 h, followed by Western blot 
analysis. (D) HUVECs were treated with or without VEGF (20 
ng/ml) for 2 h, and ChIP assays were followed. (E) SNU387 or 
Malme3M cells were treated with VEGF, for various time intervals. 



HDAC3 on tumor-induced changes in endothelial cell signaling. 
The conditioned medium of SNU387 K or Malme3M K cells, 
when added to HUVECs, enhanced endothelial cell tube for- 
mation (Fig. 4A). The overexpression of HDAC3 prevented 
SNU387 R or Malme3M R cells from enhancing endothelial cell 
tube formation (Fig. 4A). AVASTIN prevented SNU387 R or 
Malme3M R cells from enhancing endothelial cell tube formation 
(Fig. 4A). The conditioned medium of SNU387 or Malme3M K 
cells, but not those cancer cells expressing HDAC3, induced the 
activation of VEGFR2 in HUVEC (Fig. 4B). The conditioned me- 
dium of SNU387 R or Malme3M R cells pre-incubated with 
AVASTIN did not influence the activation of VEGFR2 in HUVEC 
(Fig. 4B). AVASTIN sensitized SNU387 R and Malme3M R cells to 
the apoptotic effects of taxol (Fig. 4C and D). 

Vascular smooth muscle cells (VSMCs) are differentiated cells 
that form blood vessel walls. MicroRNAs have been shown to 
regulate VSMC phenotype in response to growth factor signaling 
(20). miR-1 5b, induced by platelet-derived growth factor (PDGF), 
is required for VSMC proliferation (21). These reports suggest a 
potential role of miR-1 5b in angiognesis. It would be interesting 
to examine whether HDAC3 would exert a regulation on the ex- 
pression of miR-1 5b. Taken together, these results suggest that 
HDAC3 negatively regulates tumor-induced signaling changes in 
endothelial cells, and resistance to anti-cancer drugs, by regulat- 
ing VEGF expression. 




Fig. 4. HDAC3 acts as a negative regulator of tumor-induced angiogenic potential and apoptosis, in relation to VEGF. (A) Conditioned medium of 
the indicated cell line was add to HUVEC. SNU387 R or Malme3M cells were pre-incubated with AVASTIN (4 u,g/ml) or isotype-matched IgG (4 
Hg/ml) for 12 h, prior to addition to HUVEC. 6-8 hours after addition, endothelial cell tube formation assays were performed, as described. (B) 
Conditioned medium of each cell line was added to HUVECs for 1 h. Cell lysates from HUVEC were prepared, and immunoprecipitated with an- 
ti-VEGFR2 antibody (2 ug/ml), followed by Western blot analysis. SNU387 R or Malme3M R cells were pre-incubated with AVASTIN (4 ug/ml) or iso- 
type-matched IgG (4 ng/ml), for 12 h prior to addition to HUVEC. One hour after addition to HUVEC, cell lysates prepared from HUVEC treated 
with conditioned medium of SNU387 R or Malme3M R cells were also immunoprecipitated with anti-actin antibody (2 ng/ml), followed by Western 
blot analysis. (Q SNU387 R or Malme3M R cells were pre-incubated with AVASTIN (4 jxg/ml) or isotype-matched IgG (4 ug/ml), for 12 h. Cells were 
then treated with or without taxol (1 uM) for 24 h, followed by Western blot analysis. (D) is the same as (Q, except that MTT assays were 
performed. *P < 0.005. P value was determined in comparison with value obtained from SNU387 R or Malme3M R cells, pre-incubated with IgG. 
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MATERIALS AND METHODS 
Cell lines and cell culture 

The cancer cell lines used in this study were cultured in 
Dulbecco's modified minimal essential medium (DMEM; 
Gibco, Gaithersburg, MD, USA) supplemented with heat-in- 
activated 10% fetal bovine serum (FBS, Gibco) and antibiotics at 
37°C in a humidified incubator with a mixture of 95% air and 
5% CO2. Drug-resistant SNU387 R and Malme3M R cells were es- 
tablished, as described (10). Human umbilical vein endothelial 
cells (HUVECs) were isolated from human umbilical cord veins 
by collagenase treatment, and used in passages 3-6. The cells 
were grown in M1 99 medium supplemented with 20% fetal bo- 
vine serum, 100 U/ml penicillin G, 100 u,g/ml streptomycin, 3 
ng/ml bFGF (Upstate, MA, USA.), and 5 U/ml heparin, at 37°C, 
under 5% C02/95% air. 

Materials 

All antibodies used in this study were purchased from Santa Cruz 
Company. All chemicals used in this study were purchased from 
Sigma Company. An ECL (enhanced chemiluminiscence) kit was 
purchased from Amersham. Lipofectamin and Plus™ reagent 
were purchased from Invitrogen (Carlsbad, CA USA). 

Immunohistochemistry 

We performed immunofluorescence staining, employing paraf- 
fin sections. Non-specific binding of antibodies was blocked by 
incubation with 1 % bovine serum albumin (BSA) for 1 h before 
incubation with primary antibodies. The following primary anti- 
bodies were used: Anti-Flag (1 : 100, Santa Cruz, CA), an- 
ti-PECAM-1 (1 : 100, Santa Cruz) and anti-USP7 (1 : 50, 
Abeam, England). The sections were incubated with primary an- 
tibodies overnight at 4°C After washing, secondary antibodies 
were applied at 1 : 100 or 1 : 200 dilutions for 1 h. We used 
goat anti-mouse IgG-Alexa 546 for PECAM-1 (Molecular Probes, 
USA). DAPI (Molecular Probes, USA), was added to stain nuclei. 
Confocal images were acquired, usingaconfocal laser scanning 
microscope (FV-1000, Olympus). DAPI staining was performed 
to stain nuclei. H&E staining was performed, to examine the ex- 
tent of blood vessel formation in tumor tissues. 

Cell viability determination 

The cells were assayed for their growth activity, using 3-(4, 5- 
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT; 
Sigma). Viable cell number counting was carried out by trypan 
blue exclusion assays. 

Human angiogenesis antibody array 

Expression levels of angiogenic factors were determined by us- 
ing a Proteom Profiler M Human Angiogenesis Antibody Array 
Kit (R&D Systems, Minneapolis, MN, USA). 

ChIP assays 

Assays were performed, according to standard procedures (22). 



The immunoprecipitates were reverse cross-linked. PCR was 
done on the phenol-chloroform-extracted DNA. PCR was done 
on the phenol-chloroform-extracted DNA, with specific primers 
of PAI-1 promoter-1 [5'-CCTTCACCAGCCCTCTTTCCATTGC-3' 
(sense)], and [5'-ACCGAGGCCACCCCATAGGGT-3' (antisense)]; 
and PAI-1 promoter-2 [5'-CGGGCTTAAGGCAGAGAACT-3' 
(sense)], and [5'-TTTTTGGGAGAGCAGGGTT T-3' (antisense)] 
sequences were used. 

Preparation of SiRNA duplexes 

The SiRNA duplexes were constructed with the following target 
sequences. HDAC3, sense (5'-AATAAGACTCTTGGTGAAGCC 
CCTGTCTC-3'); antisense (5 '-AAGGCTTCACCAAGAGTCTTA 
CCTGTCTC-3'); HDAC3 (scrambled), sense (5'-GCGAAACTG 
ACCGGATATATTCCTGTCTC-3 '); antisense (5'-GGGTATTAC 
AACGCCAACTATCCTGTCTC-3'). The construction of siRNA 
was carried out according to the instruction manual provided by 
the manufacturer (Ambion, Austin, TX). 

Intravial microscope angiogenesis assays 

Male BALB/c mice (6-8 week old) were obtained from Daehan 
Biolink (Seoul, Korea). The mice were maintained at the specific 
pathogen-free housing facility at the School of Medicine, 
Kangwon National University. The mice were anesthetized with 
2.5% avertin (v/v) via intraperitoneal injection (Surgivet, Wauke- 
sha, Wl, USA.), and abdominal wall windows were implanted. 
Next, a titanium circular mount with eight holes on the edge was 
inserted between the skin and the abdominal wall. Growth fac- 
tor-reduced Matrigel containing VEGF (1 00 ng/ml) was applied to 
the space between the windows, and a circular glass cover slip 
was placed on top, and fixed with a snap ring. After four days, the 
animals were anesthetized, and injected intravenously with 50 uJ 
of 25 ng/ml fluorescein isothiocyanate-labeled dextran (molecu- 
lar weight, Mr ~2,000,000) via the tail vein. The mice were then 
placed on a Zeiss Axiovert 200 M microscope. The epi-illumina- 
tion microscopy setup included a 100-W mercury lamp, and filter 
set for blue light. Fluorescence images were recorded at random 
locations of each window, using an electron-multiplying charge- 
coupled device camera (Photo Max 512, Princeton Instruments, 
Trenton, NJ, USA.), and digitalized for subsequent analysis, using 
the Metamorph program (Universal Imaging, Downingtown, PA, 
USA). The assay was scored from 0 (negative) to 5 (most positive) 
in a double-blinded manner. 

Statistical analysis 

All data were expressed as mean value + standard deviation 
(S.D.), and differences between groups were analyzed using 
Student's t-test. Mean values were considered significantly dif- 
ferent, when P < 0.05. 
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